migration route of the Red Eye Basin subunit of the Wyoming Range mule deer (O. hemionus) herd, consisting of approximately 14,000 animals (William Rudd, Wyoming Game and Fish Department, Green River, Wyo., personal communication). Since 1986 an average of 130 deer have been killed each year between mileposts 27 and 42 (all milepost figures are reported in miles whereas all other measurements have been converted to km) as mule deer migrate between their winter and summer ranges. In 1986 the Wyoming State Legislature passed the Nugget Canyon Wildlife Migration Project Act calling for state agencies to work together in attempting to mitigate the problem of DVCs in this area. In compliance with this legislation, several mitigation measures were attempted in Nugget Canyon. In 1989 an 11.3-km-long, 2.4-m-high deerproof fence was erected; the project included a gap for mule deer crossings at milepost 30.5 and approximately 5.5 km of fence on either side of the crossing. Passive, unlighted signs warning motorists of migratory deer crossings were installed in association with the fence, but deer mortality remained high (>100 deer/year). Swareflex™ reflectors (Strieter Corp., Rock Island, Ill.) were evaluated at the site but found to be ineffective in reducing DVCs (Reeve and Anderson 1993) . Biologists and highway engineers felt that an active sensing and sign system, the Flashing Light Animal Sensing Host (FLASH™, Victoria Gooch, Meridian, Id.), would be more effective at reducing collisions. The FLASH system we evaluated was installed at milepost 30.5 where the crossing was located. As deer moved through the gap in the fence, an infrared sensor was triggered, activating flashing lights associated with a road sign that read "Deer on Road When Lights are Flashing." Our objectives were to 1) evaluate the effectiveness of this system by comparing changes in motorist speed in response to the activated and unactivated system, and 2) conduct a series of experimental manipulations to determine which aspects of the system caused motorists to change speed. These manipulations included no signs, unlighted warning signs, flashing warning signs, and deer presence as controlled with a deer decoy placed within 10 m of the road surface. We also tested several combinations of these variables.
Study area
US 30 was a 2-lane rural highway with a 105-km/hour speed limit. It was heavily used by tractortrailers traveling between Interstate 80 and Utah, Idaho, and other destinations west and northwest of Wyoming. The route also was frequently used by out-of-state tourists traveling to Jackson, Wyoming and Yellowstone National Park. An average of 1,447 (95% CI = ± 98, n = 21 random days) vehicles used the highway each day between October 2000 and May 2001, with 69% of use occurring during daylight hours. The average speed of motorists on the highway during that time was 103 (95% CI=±0.09, n=30,383 vehicles) km/hour.
Deer-vehicle collisions primarily occurred along a 24-km (15-mi) segment of the highway from milepost 27 to milepost 42, which included the area described in the Nugget Canyon Migration Project Act (milepost 27 to milepost 39.7). Twin Creek, a tributary of the Bear River, flowed through Nugget Canyon and was fed by other streams in north-south-oriented drainages. Major ridges, including Boulder Ridge, Rock Creek Ridge, Dempsey Ridge, and Sellem Ridge, oriented mule deer migration patterns so that they crossed the highway during spring and fall migrations.
Methods

Description of deer-and vehicle-sensing systems
The FLASH system, signs, and motorist-speed data-collection systems were installed in the deer crossing in Nugget Canyon at milepost 30.5 in December of 2000 (Figure 1 ). The FLASH system consisted of infrared sensors which, when triggered by deer moving through the crossing, transmitted a signal to a receiving unit, thus activating the flashing lights and sign to warn motorists of the presence of deer in the crossing. When activated, the flashing lights of the FLASH system remained on for 2 minutes after being triggered. An automated counter recorded time and date of the system's deer detections. The flashing warning signs were located 300 m to the east and west of the crossing and could display 1 of 2 messages: "Attention: Migratory Deer Crossing," which was the standard message encountered by motorists before the FLASH system was installed, or "Deer on Road when Lights Are Flashing," used when the FLASH system was activated.
Data on vehicles traveling along US 30 were collected by sensors embedded in the roadway and located at points east and west of the crossing as well as at the crossing (Figure 1 ). The east and west sensors gathered data on vehicles before the warning sign was encountered by motorists, whereas the speed sensor at the crossing gathered speed data on vehicles after they had viewed the sign and were in the crossing. Additionally, the sensors registered the number of axles of each vehicle that passed; therefore, we could distinguish between automobiles and semi tractor-trailers (hereafter semis). The time and date at which each vehicle crossed the sensor was also recorded. Using both the speed-sensor data and the FLASH data, we were then able to determine vehicle speed, vehicle type, date, time, and the status of the FLASH system (i.e., activated or not) for each vehicle. We stored all data in data loggers and downloaded it remotely via modem.
The FLASH system was completed and engaged full-time on December 1, 2000 and activated the warning signs until May 21, 2001, when the deer migration was completed. Because the system recorded data on >1,400 cars/day and error checking and data management were extremely time-consuming, we chose a random subsample of 2 days (24-hour periods) during each month for analyses. We selected these random days based on a random number generator, and they consisted of 2 24-hour independent days. We used time of sunset and sunrise to differentiate between day and night observations. Using data registered by the FLASH system, we coded vehicle speed data according to whether the lights were activated at the time the vehicle passed through the crossing. We compared differences in vehicle speeds before and after drivers viewed the warning sign between times when the sign was flashing and times when the sign was not flashing (normal operation).
In addition to evaluating motorist response to the system under normal operation, we also performed a series of experimental manipulations to determine how different configurations of signs, lights, and presence or absence of deer affected vehicle speed. During experimental manipulations, we exposed vehicles to 5 different treatments at 2-hour intervals involving different configurations of the sign, lights, and a stuffed taxidermist's mount of a mule deer doe (Table 1) . Within a treatment block, we performed each different treatment 4 times at different times of the day and night (i.e., 2 tests/treatment during both day and night). We then conducted 2 blocks of each treatment each month (December-May; 16 hours for each individual treatment/month) at times when weather and road conditions were fair (i.e., roads were dry and it was not snowing). During intervals between treatment blocks, the FLASH system was engaged and allowed to activate the flashing lights whenever it detected a deer in the crossing (normal operation).
We added the treatment using the deer decoy and no flashing lights in early February, 2001 , in response to preliminary analyses that showed that motorists were slowing down significantly in response to the deer decoy; we wanted to separate and quantify the deer effect from the sign effect. Results from this treatment may therefore be biased since we did not have this treatment in December and January, but we feel that they are valid since we found only one situation (deer/light treatment with semis during the day in December) where the treatment month was different.
Data analyses
For data collected during the normal operation of the system, we used an unbalanced, mixed General Linear Model (GLM) to examine differences in motorist speed between the activated and unactivated system (random), dates (random), and time of day (fixed) for both semis and automobiles (Shaw and Mitchell-Olds 1993, Rutherford 2001) . We also used GLMs to examine the data collected during the experimental manipulations, using treatment (fixed), date (random), and time of day (fixed) as factors. This approach allowed us to partition our variance among the different factors and yet still quantify our treatment effect (Rutherford 2001) . For each GLM we used Type III Sums of Squares to estimate our Fratios for fixed and random effects (Shaw and Mitchell-Olds 1993 ). Since we knew our sample sizes would be extremely high (>1,000) we realized a priori that we would have high power and high statistical significance for most tests, which may not equate to important differences. We therefore present P-values for our tests because they were true manipulative experiments, but we also present means, standard deviations, and confidence intervals by factor to allow the reader to assess the differences between treatments and to determine significance based on their own interpretation (Birnbaum and Sheps 1992 , Johnson 1999 , Anderson et al. 2001 .
Results
Normal system operation
For semis all factors had a significant effect on speed reduction (date, P = 0.003; time of day, P < 0.001; treatment, P < 0.001; Table 2 ). Automobiles also had significant speed reductions for time of day (P < 0.001; Table 2 ) and treatment factors (P < b Lights were either off, continuously flashing, or activated by remote (made to start flashing) so that motorists viewed the activation of the system as they approached the crossing.
c A realistic stuffed deer decoy was placed in the crossing for some treatments to simulate deer presence. We performed a pairwise comparison for semis to determine which months influenced speed reduction. During December semis reduced their speed 1.1 km/hour more than during January, February, and March, but no other differences between months were observed in the pairwise comparisons.
Under normal operation the largest differences between the activated and unactivated systems occurred at night for both automobiles and semis, with speed reductions of 6 km/hour (95% CI = ± 2.3) and 5 km/hour (95% CI=±0.9), respectively, in response to the activated system (Figure 2 ). Speed reductions for automobiles and semis for the unactivated system were 2.5 km/hour (95% CI = ± 0.5) and 1.4 km/hour (95% CI = ± 0.3). Daytime differences were smaller, with automobiles slowing in response to the activated system by only 3 km/hour (95% CI=±0.6) and semis slowing by 1.5 km/hour (95% CI=±0.3), compared to 1.2 km/hour (95% CI = ± 0.2) and 1.1 km/hour (95% CI=±0.3) reductions in speed, respectively, in response to the unactivated system (Figure 2) .
Experimental treatments
For automobiles all factors were significant (P < 0.001; Table 3 ), but for semis only treatment and time were significant (P < 0.001) while date was not considered significant (P = 0.247). Speed reductions for both automobiles and semis were greatest during the day in response to the 2 treatments (deer and flashing lights; deer without flashing lights) that involved the placement of a deer decoy on the highway shoulder (Figure 3) . However, at night both semis and automobiles reduced their speed more in response to the remote treatment (i.e., lights triggered as motorists approached sign) than either treatment that involved the deer decoy.
The treatment in which the motorist encountered the deer decoy in combination with flashing Effectiveness of warning system • Gordon et al. 569 lights resulted in an overall average speed decrease of 18.7 km/hour (95% CI=±1.1) for passenger vehicles and 10.1 km/hour (95% CI = ± 0.5) for semis ( Figure 3 ). When motorists were exposed to the deer decoy without flashing lights, average speed decreased 3.3 km/hour (95% CI = ± 1.27) for passenger vehicles and 7.8 km/hour (95% CI = ± 0.64) for semis (Figure 3 ). While speed reductions for automobiles in response to month were significant, trends were not consistent across treatment or time of day and differences in month were seen only in response to the use of the deer decoy (Figure 4 ).
Discussion
Vehicles moving through the deer crossing reduced their speed significantly in response to the FLASH system. While statistically significant, these reductions may not be sufficient to reduce DVCs. During experimental manipulations, motorists in automobiles traveling at night reduced their speed on average by 20 km/hour in response to the flashing lights and a deer decoy along the highway. However, under normal operation, when the system was activated automobiles traveling through the crossing at night reduced their speed by an average of 6.5 km/hour in response to the flashing lights and the possible presence of a deer (since the flashing lights remained activated for 2 minutes after being triggered by deer in the crossing, it was likely that many motorists did not observe a deer in the crossing during normal operation of the system.). The presence of the deer may help explain some of the differences between the greater speed reductions we observed during our experimental manipulations compared to those observed during normal operation. During our experimental manipulations, the warning lights alone caused an average speed reduction of 6.9 km/hour for automobiles at night, a value much closer to the 6 km/hour reduction we observed during the normal operation of the FLASH system.
Whether the FLASH system is effective in reducing DVCs in Nugget Canyon depends on whether it causes vehicles to slow down sufficiently to reduce the risk of collisions. In other words, are average speed reductions of 6-7 km/hour sufficient to justify the cost of the installation and maintenance of this system? Few studies have been conducted that address speed reductions necessary to significantly reduce deer collisions or deer mortality. Bertwistle (1999) found that the number of vehicle collisions with elk (Cervus canadensis) decreased by 25% in a zone where the speed limit was reduced by 20 km/hour. However, Case (1978) significantly reduced when average vehicle speed decreased by 24 km/hour associated with the reduction in speed limits in 1974. We believe that speed reductions of 6-7 km/hour are unlikely to have a significant effect on the incidence of DVCs in Nugget Canyon.
There are several reasons the FLASH system may have been ineffective in reducing motorist speed through Nugget Canyon. Motorists using US 30 are primarily from outside the region and may be ignorant of DVCs during migratory periods, and the majority are semi drivers, whose vehicles are unlikely to receive damage from a DVC and who thus are not motivated to slow down. The visitors who pass through the crossing area encounter the sign only once and during their brief encounter may not fully understand how it functions. Additionally, motorists traveling long distances at high speeds may be less willing to slow down than local motorists who understand how the system Effectiveness of warning system • Gordon et al. 571 Table 1 for treatment descriptions.
operates. Highway motorists frequently respond to wildlife warning signs by attempting to increase their vigilance rather than reducing their speed (Lavsund and Sandegren 1991) .
Although we believe the FLASH system is not suitable for use on US 30, it may be adaptable for use in other areas. Locations with a greater percentage of local traffic, where the motorists are concerned about the danger of DVCs and where they have a greater understanding of how the system operates, may be better suited for the application of this system. A deer-proof fence, or specific crossing zones associated with natural movement corridors that funnel animals into discrete crossings, would be required in order for the system to be effective. Additionally, an education program for the local motorists explaining how the system operates could improve its effectiveness at reducing DVCs, although this should be tested before being incorporated. Deer-proof fencing can be seen in the background.
